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ABSTRACT
Measurements conducted at the University of West Georgia, Carrollton,
Georgia, during the time of the solar eclipse of 21 August 2017, demonstrated
that the integrated spectral irradiance in defined wavelength ranges in the
ultraviolet and visible calculated as a fraction of the total irradiance reached a
minimum at maximum obscuration of the Sun, whereas in the infrared range
it was maximum. The method of analysis adopted supports the view that the
changes in spectral irradiance during highly obscured partial phases is a
consequence of limb darkening. In a surface ozone measurement, the
minimum ozone concentration occurred 30 ± 5 min after the instant of
maximum obscuration. This observation is explained as a combined effect of a
change in reaction rates of photochemical generation and degradation of ozone.
Keywords: solar eclipse; spectral irradiance; surface ozone; photochemical
reactions; limb darkening
INTRODUCTION
It is well known that during a solar eclipse the light intensity variation accompanies
a change in spectral irradiance. The light intensity changes far more rapidly during the
progress of a solar eclipse, compared to the diurnal pattern, and induces distinct physical
and photochemical atmospheric effects. Recently, Ilić et al. (2018) reported
measurements of meterological parameters, solar radiation, surface ozone air ionization,
and low frequency electromagnetic signals originating from plasma oscillations during
the eclipse of 15 March 2015. Changes in column (Chakrabarty et al. 1997; Manchanda et

Published by Digital Commons @ the Georgia Academy of Science, 2019

1

Georgia Journal of Science, Vol. 77 [2019], Art. 2

al. 2012) and surface (Tzanis et al. 2008; Zanis et al. 2007) ozone have been observed, as
the phase of the eclipse passed the point of maximum obscuration. Miscelleneous effects
of solar eclipses on the atmosphere and biosphere have also been studied by several
authors (Gerasopoulos et al. 2008; Paramitha et al. 2017; Ahrens et al. 2001; Thampi et
al. 2010).
There are many records of solar irradiance measurements (Antón et al. 2005;
Kazantzidis et al. 2007; Tzanis et al. 2008; Blumthaler et al. 2006) conducted during the
time of solar eclipses and simulations representing those effects (Emde and Mayer 2007).
Generally, spectral irradiance changes during an eclipse are attributed to limb darkening
(Hestroffer and Magnan 1998; Kanzadzis et al. 2007; Kazantzidis et al. 2007; Koepke
2001). Limb darkening (Neckel 1996; Neckel and Labs 1994; Hestroffer and Magnan
1998; Raponi et al. 2012) or intensity variation across the solar disc is wavelength
dependent as optical depth varies with this parameter. Kazadzis et al. (2007) discussed
the spectral effect of limb darkening in global, direct irradiance and actinic flux
measurements that leads to a more pronounced decrease in radiation at the lower
wavelengths. The above findings have been verified by Kazantzidis et al. (2007) who
measured global horizontal UV. Further, the observation was supported by
photosynthetically active radiation model calculations. Modelling of the extraterrestrial
solar flux to simulate the conditions of an eclipse and comparison with measurements
have also revealed that spectral irradiance at specific wavelengths is significantly altered
by limb darkening (Koepke et al. 2009).
Although measurements of solar irradiance and physical and photochemical
effects due to photon flux variation during different solar eclipses are grossly similar,
significant qualitative as well as quantitative differences dependent on the degree of
obscuration, zenith angle, and geographical location of the observation site have been
noted. Obviously, in a set of such measurements, it is highly improbable that several
measurements correspond to identical conditions. As there are too many variables
(astronomical parameters of the eclipse, weather, and other atmospheric conditions),
even two measurements’ conditions would never be identical. Thus, each measurement
has its own value for comparison and archival records. Furthermore, almost all studies
interpreting spectral irradiance variations during solar eclipses as a result of limb
darkening are confined to specific wavelengths. For comparison of different
measurements, and explaining the unusual color in twilight, like dimming of sunlight
during a solar eclipse when the obscuration is large, it is desirable to compute relative
spectral irradiance in broader ranges of wavelengths in infrared, visible, and ultraviolet.
An advantage of this method is smoothing of errors due to the presence of Fraunhofer
absorption lines. The present work describes measurements of total global irradiance,
spectral irradiance, and surface ozone at the University of West Georgia, Carrollton,
Georgia, United States, during the time of the solar eclipse of 21 August 2017, where the
maximum obscuration was ~95%. The spectral irradiance data were analyzed using a
novel method of computing the time-variation of the integrated irradiance in the
following wavelength ranges: infrared (701–1040 nm), visible (391–700 nm), and
ultraviolet (300–390 nm). This procedure more convincingly demonstrates that the
observed spectral changes are mainly related to the phenomenon of limb darkening.
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THE EXPERIMENT
Local Conditions and Measurements
Carrollton is a typical urban city in the southern United States, of geographical
coordinates 33.5801 N, 85.0766 W, and elevation of 336 m. Measurements were carried
out in a dust free rooftop 12 m above ground level at the University of West Georgia,
Carrollton. The observation site was not interrupted by shadows of buildings or trees.
Monitoring conducted days before the eclipse convinced us that, at the Sun’s position in
the sky during the time of the eclipse, there would not be significant external ground level
environmental factors such as moving vehicles or reflecting objects affecting time
variation solar flux. On 21 August 2017, the visibility at the site was 16 km, with a
moderate air quality index of 55. During the time of measurement, the sky was clear
except for scattered thin clouds that developed ~30 min after the first contact and lasted
until ~15 min before the maximum obscuration. Humidity and temperature varied in the
ranges of 93–96% and 29–30 °C. Air pressure remained at ~1 atm, and no significant
wind was reported (Weather Aug. 17, 2017).
A LabQuest Vernier pyranometer (sensitive to the wavelength range 370–1140
nm) recorded the global total horizontal solar irradiance with a 180° field of view angle
and an Ocean Optics QE 64 spectrometer (298–1080 nm) with a cosine corrector (Kerlin
et al. 2016) was used to monitor the global horizontal spectral irradiance by recording two
sets of readings every minute. The cosine corrector and spectrometer were coupled with
a 50 m fiber to a computer to record the data. The setup was calibrated using an Ocean
Optics HL-2000-cal tungsten-halogen lamp. The ambient surface ozone concentration
was monitored with a calibrated Aeroqual S500 ozone detector equipped with a
semiconductor (tungsten oxide) gas sensor head (Kanda 2015), which closed direct
sunlight entry, and allowed free air passage. For comparison and rehearsal, all
experiments were also conducted on the day previous to the eclipse and around same time
period (1:00–4:30 pm).
The Eclipse at Carrollton, Georgia, USA
The altitude and azimuth of the Sun at the time of the start, maximum, and end of
the eclipse in Carrollton obtained from NASA’s Eclipse website are shown Table I. The
maximum magnitude drop and the percentage obscuration at this location were 0.95776
and 95.4091 respectively.
Table I. Altitude and azimuth at the time of the start, maximum, and end of the partial
eclipse in Carrollton on 2017 Aug. 21. Data were taken from the NASA Eclipse website
(NASA website 2017).
Local Time
Event
Attitude
Azimuth
(Eastern Time)
Start of the partial eclipse

1:04:25.5 pm

+65.50

155.40

Maximum eclipse

2:35:31.1 pm

65.20

211.80

End of the partial eclipse

4:01:03.2 pm

+51.80

243.50
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RESULTS AND DISCUSSION
The variation of global irradiance measured with the pyrometer is shown in Figure
1. The broken-line curve in Figure 1 shows a simulation of the percentage of uncovered
Sun (NASA website 2017). The coincidence of the minimum of this curve with minimum
of irradiance demonstrates that the scattered thin clouds, which developed 30 min after
the eclipse and lasted until 15 min before the maximum obscuration, had no effect. The
observed nonsymmetry between variations of irradiance and the percentage uncovered
area of the Sun in Figure 1 is due to a combination of eclipse effect and zenith angle related
to irradiance changes.

Figure 1. Variation of global irradiance with time measured with a pyrometer sensitive to the
wavelength range 370–1140 nm. The scattered data points seen 30–75 min from the start of the eclipse
are a result of a thin cloud cover that developed during that period. The broken-line curve is a
simulation of the percentage of the uncovered area of the Sun. Triangle data points and the broken-line
curve refer to left and right vertical axes, respectively, as indicated by arrows.

With data extracted from the measurements, a series of plots of I ( , t ) (= spectral
irradiance at wavelength  measured at time t ) vs   were analyzed by the following
procedure. The ratio R(2 , 1 , t ) is defined by the expression,
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R(2 , 1 , t ) =

 I ( , t )d
1

 I ( ,t ) d

(1)

Entire range of

which measures the total irradiance in the wavelength range 2 to 1 at time t as a fraction
of the total intensity. The quantity R(2 , 1 , t ) is calculated for the wavelength ranges;
(300–390 nm), (391 – 700 nm), and (701 – 1040 nm); corresponding to ultraviolet (UV),
visible (Vis), and infrared (IR) regions of the spectrum. The time variation of percentages
of these ratios are plotted in Figure 2 (a). To compare the R values before first contact,
Figure 2(b) plots of R are normalized to the values of the respective ratios before the
eclipse (i.e., R(t) % is divided by R(t = 0) for IR, Vis, and UV). This plot displays the change
in spectral irradiance due to the eclipse more conspicuously. The plot of Figure 2 (b)
confirms that limb darkening attenuates UV more strongly compared to longer
wavelengths. Zerefos et al. (2000, 2001) observed at the time of maximum obscuration
(88%) of the eclipse of August 1, 1999, at Thessaloniki in Greece, that UV radiation in a
similar range (285–365 nm) is most strongly attenuated, and the effect is attributed to
limb darkening.
Clearly, the percentage of ultraviolet and visible has dropped at the maximum of
the eclipse with an increase in the percentage of infrared. The change in spectral
irradiance sunlight during a solar eclipse is attributed mainly to limb darkening—the

(a)

(b)

Figure 2. (a) The ratio R (expressed as a percentage) defined by equation (1) for the ultraviolet-UV
(300–390 nm), visible-Vis (391–700 nm), and infrared-IR (701–1040 nm) wavelength ranges of the
spectrum. (b) Normalized R to pre-eclipse ratios of UV, Vis, and IR.
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brightness and spectral radiance distribution over the solar disc, which is more
pronounced at shorter wavelengths towards blue end of the spectrum and less
pronounced in the far red (Rubin 1959; Hestroffer and Magnan 1998; Kazadzis et al.
2007; Kazantzidis et al. 2007; Koepke 2001). The method used here in analyzing the time
variation of spectral irradiance reveals this effect conspicuously. Multiple scattering of
light could also induce spectral changes noticeable during the total phase (Kazadzis et al.
2007; Kazantzidis et al. 2007). This effect is noticeable only at low illuminations during
totality, is insignificant even at large obscurations, and the pattern variation seen cannot
be accounted by multiple scattering.
The time variation of the surface ozone concentration at the measurement site is
presented in Figure 3 (a) and, for comparison, the results of the same measurement
conducted the previous day around the same time are shown in Figure 3 (b). The dashedline curve in Figure 3 (a) indicates the variation of the nonobscured area of the solar disk.
During the eclipse, surface ozone concentration had decreased from ~0.10 ppm to a
minimum of ~0.07 ppm 30 min after the maximum obscuration.
Surface ozone is produced by oxidation of carbon monoxide, methane, and
nonvolatile organic compounds in the presence of nitrogen dioxide, which acts as a
photocatalyst by absorbing radiation wavelengths less than 420 nm (Tzanis et al. 2008;
Zanis et al. 2007). Air pollution, notably from traffic and industries, generates these ozone
precursors and distributes them by diffusion and wind. Ozone is also transported from
the stratosphere to the troposphere. However, in the relatively short duration of the
eclipse, the change in ozone concentration due to this process cannot be significant.
Consequently, a change in surface ozone during a solar eclipse reflects more clearly the
local production and destruction of ozone. As diffusion is negligible, the rate of change of
the ozone concentration can be written as,

d
[O3 ] = aI (t ) − k[O3 ] − hI (t )[O3 ]
(2)
dt
where I(t) = light intensity in the photochemically active wavelengths, [O3] = ozone
concentration, and a, k and h are constants independent of light intensity but dependent
on other factors such as air pollutant concentrations. Some atmospheric pollutants and
nitrous oxide (an intermediate of the photocatalytic ozone production step) also act as
agents destroying ozone directly and via photochemical reactions. The first term in RHS
(2) accounts for photochemical production of ozone, and the second and third terms
represent direct and photochemical degradation of ozone.
The extremal of [O3] corresponds to the condition,

aI (t ) − k[O3 ] − hI (t )[O3 ] = 0 .

(3)

Using (2) and (3), the second derivative (2) at the extremum of [O3] can be expressed as,

d2
 dI (t ) 
[O3 ] = ak[k + hI (t )]−1 
.
2
dt
 dt 
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(a)

(b)

Figure 3. Time variation of the surface ozone concentration at the measurement site. Data
circles (left vertical axis) and dashed-lines (right vertical axis) are indicated by arrows and, for
comparison, the results of the same measurement conducted the previous day around the same
time are shown in Figure 3 (b). A 5-point fast Fourier transform data smoothing was done to
reduce the noise, and the smoothened curve is marked red.
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dI (t )
 0. Thus,
dt
it clear from Figure 3 (a) the minimum of [O3] should occur after the minimum of the
light intensity. It is interesting to note that the minimum of UV in Figure 2 (a) occurs
slightly after the Vis and IR peaks, and this indication is seen to be more pronounced in
Figure 2 (b). Column ozone attenuates UV and, as creation and destruction of ozone
depends on light intensity, the peak gets shifted—an effect similar to the case of surface
ozone.
CONCLUSIONS
From (4), it follows that the extremum turns out be a minimum, provided

Measurements conducted at Carrolton, West Georgia, at the time of the solar
eclipse of 21st August 2017, where the maximum obscuration was ~95%, revealed that
there are changes in the spectral irradiance peak at the time of maximum obscuration.
Ultraviolet (integrated irradiance in the wavelength range 300–390 nm) and visible
(integrated irradiance in the wavelength range 391–700 nm) reached a minimum at this
point, whereas in the infrared (integrated irradiance in the wavelength range 701–1040
nm) it was maximum. The fractional integrated irradiances normalized to pre-eclipse
values in the UV and Vis ranges had decreased by 15 and 5%, respectively, whereas in the
IR range there was an increase of 10%. The method of analysis presented strongly
supports the view that the spectral changes during eclipse are mainly due to limb
darkening. This analysis also masks errors in limb darkening measurements (Raponi et
al. 2012) occurring due to nonmonotonic spectral profile of Fraunhofer lines.
The surface ozone measurement indicated a minimum concentration 30 ± 5 min
after the time of maximum obscuration. The effect was explained as a result of the kinetics
of photochemical generation of ozone and its degradation.
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